INTRODUCTION 4 6
than females on the HFD. This may be due to males gaining more weight and needing 3 4 0 stronger bones to carry the weight. This is consistent with higher BW in males and the 3 4 1 correlation of BW to BMD, such that male weight gain may require bone fortification to 3 4 2 support increased body mass. transcripts for the effects of sex, diet and a sex by diet interaction (File S6). We found (FDR ≤ 0.01). We found 757 genes with a significant sex by diet interaction. In order to 3 4 8 interpret the functional relevance of these large gene lists, we searched for Gene Ontology (GO) categories that were enriched in for each effect. We identified 212 GO regeneration (GO:00031100) was the most significant category and was higher in 3 5 3 males. This was followed by lipid metabolism (GO:0006629) and transport 3 5 4 (GO:0006869), which was higher in males. However, cholesterol metabolism GO:0070542) and beta-oxidation were higher in male mice along with catabolism of We identified 212 GO.BP categories that contained genes that were differentially (GO:0031649) and energy reserve metabolism (GO:0006112) were upregulated in mice 3 6 6 on HFD. Lipid metabolism (GO:0045834) was upregulated while lipid biosynthesis 3 6 7 (GO:0051055), including fatty acids (GO:0006633, GO:0042761) and phospholipids (GO:0045721) were all decreased in mice fed the HFD. Insulin secretion in response to glucose stimulation was suppressed (GO:0061179) and glucose metabolism was increased (GO:0010907). Overall, the HFD produced increases in lipid and energy We mapped the physiological traits using each of three models: a model in which sex 3 7 9
and diet were additive covariates (additive model); on in which sex and diet were which sex and diet were additive covariates and diet interacted with genotype (diet-
interactive model). traits, 14 were clinical chemistry traits, 3 were electrocardiogram traits and 3 were 3 8 7 urinalysis traits. ( Figure 3A ). The pattern of founder allele effects at this locus was similar at both time points ( Figure 3B ). The 129S1/SvImJ (129S1) and WSB/EiJ (WSB) alleles on the distal end of chromosome 1 were associated with higher cholesterol levels. We performed 3 9 4 association mapping around the peak at 171.37 Mb and found that the most significant and WSB strains carried the minor allele ( Figure 3C ). When we fit the association
mapping model again by including these SNPs as covariates, the maximum LOD score increase in the 129S1 and WSB alleles effects at the Apoa2 locus ( Figure 3D ) and the 4 0 9
strong association with all SNPs where the minor allele occurs in both 129S1 and WSB.
The peak in this region is broad and may include more than one locus and allele. When
we regressed out the effects of the 129S1 and WSB alleles at the Apoa2 locus, the other genes expressed in the liver that might influence cholesterol levels by mediating
the peak with the expression of each gene (see Methods). We found six genes that 4 1 5 reduced the LOD score by greater than six standard deviations (i.e. had a Z-score < -6, 4 1 6 Figure 3E ); inhibitor of kappaB kinase epsilon (Ikbke), peptidase M20 domain containing 1 (Pm20d1), adenosine A1 receptor (Adora1), coagulation factor XIII, beta (F13b), complement factor H-related 1 (Cfhr1) and cathepsin E (Ctse). Of these, Cfhr1 had a Z-
score of -18.6, which was lower than any other gene. The next lowest Z-score was -13
for Ctse. We tested whether Ctse would still reduce the LOD score by performing 4 2 1 mediation analysis with Cfhr1 in the model and found that Ctse still had a Z-score of -4 2 2 9.6. We found that F13b had a Z-score of -6.7 in this scan as well. The founder allele 4 2 3 effects for Cfhr1 ( Figure 3F ) show that mice carrying the PWK/PhJ (PWK) allele have
higher Cfhr1 levels and mice carrying the A/J allele have lower levels. For Ctse, the 4 2 5
129S1, WSB and NZO/HlLtJ (NZO) strains have higher Ctse expression ( Figure 3G ).
2 6
For F13b, the WSB allele is associated with lower F13b expression ( Figure 3H ). Cfhr1
is upregulated in the mouse retina in response to a different high fat diet (ZHENG et al. body weight gain and impaired fat development compared to controls mice (KADOWAKI We found a peak for CHOL2 on chromosome 5 at 123.760 Mb for which the NZO allele 4 3 4
was associated with higher cholesterol levels ( Figure 4A ). When we mediated the QTL that TRAF-type zinc finger domain containing 1 (Trafd1) and scavenger receptor class B1 (Scarb1) reduce the LOD score by more than six standard deviations ( Figure 4B ).
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Trafd1 is associated with the regulation of innate immune responses and is not known to have a function in cholesterol metabolism or transport. However, the pattern of allele 4 4 0 effects ( Figure 4C ) and the mediation score suggest that it may play an unknown role. We repeated the mediation scan using Trafd1 expression as a covariate and found that Scarb1 ( Figure 4D ), which is consistent with the founder allele effects for CHOL2.
5
Scarb1 is the primary receptor for HDL-cholesterol uptake by the liver and steroidogenic to abnormal lipoprotein metabolism and increased cholesterol levels (MOHR et al. 2004 ).
8
Liver-specific reduction in Scarb1 expression as a result of an ENU-induced point 4 4 9 mutation has also been reported, in which mice exhibit 70% higher plasma HDL-
cholesterol levels due to reduced HDL selective uptake (STYLIANOU et al. 2009 ). Scarb1 This may produce an incomplete protein and may alter its function. Figure 5A ). Mice carrying the NOD allele on the HFD had 4 6 2 higher cholesterol levels. We mediated the QTL peak with all liver transcripts and found
that E030030I06Rik decreased the LOD by more than six standard deviations. E030030I06Rik has a local eQTL on chromosome 10 at the same location. Association 4 6 5 mapping near the QTL peak produced significant associations with one gene,
Gm20125, which is a gene model with no known function. Heart rate at 13 weeks (HR) had a QTL that interacted with diet on chromosome 6 at C57BL/6J allele on the HFD had higher HR than mice carrying the CAST allele. We did Figure 5C ). Mice carrying the A/J, NZO or PWK alleles on the HFD had higher GLDH 4 8 2 levels. There were no genes that had mediation Z-scores less than -6 near the QTL 4 8 3
peak. When we performed association mapping near the peak, we found four dioxygenase 2 (Plod2). Both Plscr4 and Plod2 had local eQTL on chromosome 9.
Plscr4 is a membrane protein that is involved in the organization of phospholipids and
interacts with the CD4 receptor of T lymphocytes (PY et al. 2009 ). It is up-regulated with 4 8 9
HFD feeding (SONG et al. 2012) . Plod2 hydroxylates lysine residues and is involved in and is correlated with tumor size and macroscopic intrahepatic metastasis. It is a prognostic factor for disease-free survival (NODA et al. 2012) . interacted with sex (File S9), including 5 clinical chemistry traits and 4 hematology traits.
Blood urea nitrogen at 19 weeks (BUN2) had a QTL that interacted with sex on Multi-parent populations are excellent tools for studying the effects of genetic diversity
on phenotypic variation because they offer increased genetic diversity, high minor allele recombination block structure leads to fine mapping resolution to identify loci that
contain a manageable number of candidate genes. These loci may contain genetic
variants that alter either protein structure or transcript levels or both. In fact, many loci in
multi-parent crosses may be caused by more than one genetic variant and cholesterol loci on chromosomes 1 and 5, we combined association mapping using imputed SNPs with mediation analysis using liver transcripts and we identified 5 5 6
candidate genes using both missense SNPs and transcript levels. This approach is
broadly applicable in the DO and other multi-parent populations, but requires
transcriptional profiling in a relevant tissue. loci affected mice of both sexes and on both diets. In contrast, CHOL at eight weeks
had a QTL on chromosome 10 with effects that were modified by diet. The HFD
increased CHOL levels by 35.9% in males and 45.1% in females, indicating that diet
increases CHOL levels in most mice. However, DO mice carrying the NOD allele on that affects CHOL levels, independent of diet. Association mapping on chromosome 1 produced a set of SNPs with high LOD scores
for which 129S1 and WSB contributed the minor allele. Initially, we expected to find
SNPs with this allele pattern that alter the protein structure or expression levels of some
gene. However, in this case, we believe that two closely located SNPs in Apoa2, each
of which is private to either 129S1 or WSB, are influencing CHOL levels. The SNP in 129S1 (rs8258226) has been shown to increase CHOL levels and we hypothesize that the SNP in WSB (rs229811374), which is 2 residues away from rs8258226, may also
increase CHOL levels. This highlights the complexity of analyses in multi-parent led to consider other genes that are unrelated to CHOL metabolism. CHOL independent of Scarb1. These findings suggest that some strong associations
that appear in MAGIC populations may be due to multiple, tightly linked polymorphisms.
If this is true, more sophisticated, multi-locus approaches to candidate gene selection 5 8 9
will be needed to find causal genes. In this study, we suggest that both association
mapping and mediation analysis with transcript levels improve the reliability of candidate
gene selection because it allows investigators to search for polymorphisms that affect 5 9 2 protein structure or transcript levels. When we performed liver eQTL mapping, we found local eQTL for both the additive regulatory elements modulate transcript levels constitutively in both sexes and differentially by sex. However, when we mapped liver transcript levels using a model in
which diet interacts with genotype, we found very few local eQTL. This suggests that Our analysis of this large study using DO mice includes a novel multi-tiered approach 6 0 4 that has identified plausible candidate genes underlying physiological traits, has 6 0 5
extended to considering effects of transcription, and provides compelling evidence for 6 0 6
further investigation of the role of novel candidates in driving metabolic traits. We
present an analysis of the complex interplay of sex and diet and how these factors 6 0 8
influence important inter-individual variation in outcome. We found that diet increases 6 0 9
many traits related to body size and composition. Interestingly, we observed that a high
fat, high sucrose diet increased the variance of liver gene expression, suggesting that
genotype influences the range of responses to diet. We mapped loci for multiple traits 6 1 2 but focused on CHOL to demonstrate the complexity of the underlying genetic loci. We 6 1 3
note that both association mapping and mediation analysis using liver transcript data 6 1 4
help to dissect the causal alleles underlying mapping peaks. Finally, we observe that genetic variants. This suggests that other molecular measurements, such as protein or
metabolite levels may be more useful in determining the effects of diet on organisms.
We have made the phenotype and genotype data fully available to the public and have released an interactive viewer to allow the reader to explore the liver expression QTL 6 2 0 data. that six genes reduce the LOD score by more than 6 standard deviations. The vertical Mediation analysis of the CHOL QTL on Chr 5 using liver transcripts as mediators. Each allele effects for liver Scarb1 transcript levels show that DO mice with the NZO allele on codon into a Scarb1 transcript. 
